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Nuclear chirality has been intensively studdicd for the last several years in the context of 
experimental as well as theoretical approach. Characteristic gamma selection rules have 
been predicted for the strong chiral symmetry breaking limit that has been observed 
in Cs isotopes. The presented analysis shows that the gamma selection rules cannot 
be attributed only to chiral symmetry breaking. The selection rules relate to structural 
composition of the chiral rotational bands, i.e. to odd particle configuration and the 
deformation of the core. 

1. Introduction 

Chirality in nuclear physics relates to features of nuclear hamiltonian in the con- 
text of time reversal symmetry. The phenomenon of explicit time- reversal symmetry 
breaking comes up through already well known Cabibbo-Kobayashi-Maskawa ma- 
trix of the standard model. The CKM matrix, introduced in order to diagonalize 
the mass terms given by Higgs mechanism with respect to quark flavor, contains 
T violating terms being associated with the heavy quark sector. Therefore no ex- 
plicit T violation is expected to be present in low energy nuclear interactions giving 
T-symmetric nuclear hamiltonian. What remains is the mechanism of spontaneous 
time reversal symmetry breaking and possible occurrence of spontaneous break- 
down of the chiral symmetry. This possibility has been studied for several years 
through the measurements of the energy levels and gamma transition probabilities 
Upl The latter ones have been intensively studied in the mass regions of A=130 and 
A=100, while the specific gamma selection rules, i.e. staggering of the B(M1) values 
along the rotational bands have been observed only in Cs isotopes H Absence of 
the B(M1) staggering in other nuclei is intriguing and needs clarification what is 
the main goal of the present paper. 

2. Eigenstates of the nuclear hamiltonian and phase convention 

Although spontaneous time-reversal symmetry breaking is responsible for the phe- 
nomenon of chirality, there are no eigenstates of T operator and therefore the 
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symmetry operator T alone is not used in the quantum-mechanical description 
of this problem. However, one can introduce another symmetry operator Ry being 
a combination of time-reversal and 7r-rotation, that allows proper description of 
T-symmetry breaking and simultaneously possesses its own eigenstates. The Ry is 
called T-signature ^ or chiral symmetry SI operator. 

As stated above, nuclear hamiltonian H is expected to be T symmetric. Ad- 
ditionally, H is also rotationally invariant in the absence of external fields. As a 
result, the eigenstates of H are assigned to spin and spin projection quantum num- 
bers \IM), and the following commutation relation is valid 

[RT,H]=0. (1) 

The commutation relation ([1]) shows that if \IM) is an eigenstate of H with the 
eigenvalue E, then Ry\IM) must also be the eigenstate of H with the same eigen- 
value 

(IM\H\IM) = ((IM\R,T+) HRy\IM). (2) 

The Ry operator is anti-unitary the action of which makes complex conjugation of 
all complex numbers. Therefore, it does matter which part of the eqn. ([2|) the oper- 
ator acts on, and the appearance of the round bracket in the eqn. (|2J is necessary. 
The round bracket shows that Ry + acts only on the (IM\. Skipping this bracket 
equals to the complex conjugation of the whole matrix element 

(IM\H\IM) = (IM\RyT + HRyT\IM)*. (3) 

Spin and its projection are not changed by acting of Ry operator ^ ^.e. 

RT\IM) = c\IM) (4) 

where c is a complex number. The above equation shows that eigenstates of the 
hamiltonian are the eigenstates of the symmetry operator Ry as well and, there- 
fore, they preserve the chiral symmetry. Owing to the fact that eigenvalues of the 
hamiltonian are real values, one can show that c must be phase only (|c| 2 = 1) 

(IM\H\IM) = (5) 

= (IM\Rl + HRT\IM)* (6) 

= cc* {IM\H\IM}* (7) 

= \c\ 2 (IM\H\IM). (8) 

The above analysis relates to diagonal matrix elements of the hamiltonian but it 
can be generalized. Particularly, it is possible to make any matrix element of any 
operator M. commuting with RT to be real by choosing the phase c = 1 



(JaM 2 |M|7iMi) = c&ct(/aAf 2 |M|ZiMi>* = (J 2 M a |.M|iiAfi)*. (9) 

j of this special phase c = 1 introduces 
convention has to be kept for the further analysis. 



The choice of this special phase c = 1 introduces a phase convention and this 
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3. Symmetry breaking states 

In the most simple case of chirality, the nuclei are described as three-body objects 
being composed of two odd nucleons and an even-even core. Therefore presence 
of three angular momenta vectors forming a system with definite handedness is 
expected in tandem with specific conditions where one of the odd nucleons possesses 
particle-like character, the other one hole-like character and a core is triaxially 
deformed. For that reason, apart of the eigenstate basis \IM) one can introduce 
equivalent basis set in which the handedness of the nucleus is specified. Although 
the handedness, being dependent on the angular momenta vectors orientation, is 
a continuous parameter, it can be classified in two values L and R corresponding 
to the left- or right-handedness of the system. The elements of the new basis set 
have several interesting features. In contrast to the matrix elements calculated on 
the \IM) states being real, the matrix elements calculated on the \L), \R) are 
complex since \L) and \R) are not the eigenstates of the hamiltonian. This means 
also that they relate to dynamical features of the nucleus. The states with specified 
handedness break the chiral symmetry since they are not the eigenstates of the Ry 
symmetry operator i.e. 



4. Symmetry restoration 

The \L) and \R) not being the eigenstates of the hamiltonian posses an essential 
dynamical feature, i.e. the system can tunnel between left- and right-handed con- 
figurations 



One can estimate the tunneling frequency as / w 2.5 • 10 19 Hz by taking the ratio 
/ = AE/h, where AE = 100 keV is typical energy splitting observed in the chiral 
nuclei (see following sections). Since the time of gamma quanta emission is larger 
than the tunneling period, it is not possible to observe such fast dynamical process 
experimentally through electromagnetic radiation. In this case the time scale of the 
measurement is much larger than the characteristic time of the tunneling process. 
Following the indeterminacy principle, the states with definite energy and undefined 
time are observed experimentally, i.e. only the eigenstates of the hamiltonian \IM) 
are visible. Therefore the \L) and \R) states have to be projected on \IM) basis 
elements in order to compare the theoretical predictions with the experimental 
observations. The projection procedure is also called symmetry restoration. In the 
case of the chiral symmetry the rotational as well as the T-symmetry (chirality) 
has to be restored. 

Rotational symmetry can be restored in the spirit of Generator Coordinate 



R V T\L) = \R) 
R y T\R) = \L). 



(10) 
(11) 



AE = (L\H\R) t^O. 



(12) 
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Method method (see Sect. 11.4.6 in Ref. IS) by using projection operators Pj 

P^\L,n) = \L,I,M,n) (13) 
Pf\R,n) = \R,I,M,n) (14) 

where the handedness is not affected by spin projection since there is no Ry in 
the operators Pf 1 . Indices n in Eqs. p^|) and (IT41 stand for quantum numbers - 
like spin of the core j c and of the odd nucleons j u , j n etc. - related to structural 
composition of the partner band levels. These quantum numbers will be omitted in 
order to examine the role of the handedness only. The spin quantum number is not 
affected by action of Ry operator since according to Eq.(l-39) of RefP it fulfills 
the following commutation relations 

[R%,I z ]=0 (15) 
[RT,I 2 ]=0. (16) 

Therefore the restoration of the chiral symmetry (projection of chirality quantum 
number + or — ) have the following form 

|JM,+) = _L_(| JM.L) + \IM,R)) (17) 

\IM,-) = -j^-{\IM,L) - \IM,R)) (18) 

N± being the normalization factors. The \IM, ±) states form chiral doubles that can 
be observed experimentally. These doublets form two chiral partner bands. Phases 
of \IM, ±) states have been chosen so as to fulfill the phase convention given by Eq. 
(1-38) of Ref. ^. The formulae (|15I16I) show that the order of the projections can 
be reversed and one can project on the chirality first and then on the spin quantum 
number. 



5. Electromagnetic transition matrix elements 

The probabilities of the electromagnetic transitions linking the excited states in 
the chiral bands relate to the matrix elements of the electromagnetic transition 
operator M.(a\) calculated on the laboratory states \IM,±). As it was shown in 
Ref.^, the M{a\) fulfills the following commutation relation (see also Eqs. (1A-73) 
and (3C-10) in Ref.^) 

[RyT,M(aX)} =0 (19) 

aX being the Ml, E2, M3, E4,... transition type. This commutation relation, to- 
gether with the introduced phase convention makes all matrix elements of the elec- 
tromagnetic transitions between the \I, M±) states real values and that for the 
inband electromagnetic transition (I2, ±\\A4\ ±), i.e. without chirality change, 
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will assume the following form 

{L,I 2 \\M\\L,h) + {R,I 2 \\M\\RJ : 



2N l2± N Il± ^ 
± _<L ) 7 2 ||7W||i2,7 1 > + < J R,7 2 ||7W||L,7 1 ) 



2N l2± N Il± 

and, accordingly, for the (7 2 , ±||Al||7i, =f) interband transition that changes chiral- 
ity 

. (L,I 2 \\M\\L,h) - (R,h\\M\\R,h) 

2N l2± N IlT [ ' 

(L,I 2 \\M\\R,h) -(R,h\\M\\L,h) 



m 2 ±N h -_ 



One has to remember that matrix elements of |7, 7) and |7, R) states take in general 
complex values. Relations (|9]), (|T0|) and (jllj) . (p~9|) lead to the following expressions 

(72,711X117!, LY = (I 2 ,R\\M\\h,R) (22) 
(7 2 , L\\M\\h,R)* = (I 2 ,R\\M\\h,L). (23) 

The above relations show that summation and subtraction of complex conjugate 
values occurs in the matrix elements given by Eqs. (|2T)|) and (|21l) . Therefore, the 
inband matrix element, (7 2 ± |7W|7i±), takes the final form 

Re(LJ 2 \\M\\L,I 1 )±Re(LJ 2 \\M\\R,h) 

N l2 ±N Il± { ' 

and the interband matrix element, (7 2 ± |.M|7i=f), transforms to 

Im(7,7 2 ||.M||7,7i) T lm(L, I 2 \\M\\R, h) 



TN l2 ±N hT 



(25) 

No imaginary unit appeares in equations ([24)) . (|25 |) which is due to the the cho- 
sen phase convention. These equations are valid when the chiral symmetry is close 
to the strong symmetry breaking limit. When this limit is attained, the tunnel- 
ing effect between the left- and right-handed states disappears, which means that 
(7, I\H\R, I) = 0. The left- and right-handed states are separated (L,I\R,I) = 
which means that normalization parameters Ni± equal to unity. Gamma transi- 
tions of Ml and E2 type cannot change right-handed state to the left-handed one 
i.e. (7, 7 2 ||A^(crA)||i?, 7i) = (aX— Ml, E2) since larger angular momentum change 
of the nuclear state would be required. In this case Eqs. (IM1 12"5")) reduce to 

(J 2> ±||M||/i,±) =Re(7, 7 2 ||A4|j7>,7 1 ) (26) 
(I 2 ,±\\M\\hT) =Tlm(L,I 2 \\M\\L,h) (27) 



M. being the Ml or E2 electromagnetic transition operator. The above equations 
show that in the case of a strong chiral symmetry breaking limit, the B(M1) and 
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B(E2) transition probabilities in both bands should be identical. Moreover, equa- 
tions (|26]l and (|27|) show that if the dominating part of the (L, I 2 \ |.M||£, I\) ma- 
trix element is real then the inband electromagnetic transition should mainly be 
observed. On the contrary, if the imaginary part of the (L, l2\\M.\\L, 7i) matrix el- 
ement dominates then the interband electromagnetic transition should be in favor 
of the inband one. These features are observed in the majority of partner bands in 
which lifetimes of the excited states have been measured. The role of the specified 
handedness of the intrinsic states is then explained. Staggering of the B(M1) value 
as a function of spin cannot be attributed only to the existence of the \L) and \R) 
states in a quantum system. This effect, as discussed in RefP, relates to properties 
(here called structural composition) that can occur in addition with the chiral sym- 
metry breaking. In the quoted paper, the Hamiltonian of the model consisting of a 
triaxially deformed core coupled to one proton particle and one neutron hole in the 
same single- j shell was examined. Such a Hamiltonian, appropriate for the descrip- 
tion of chiral bands built on two quasi-particle ithn/2 ® v hn/2 configuration, 
possesses additional invariances and corresponding quantum numbers. These quan- 
tum numbers have been used to derive the gamma selection rules which are based 
on the fact that the core angular momentum change for E2 and Ml transitions is 
A.j c > 2. This special feature of core rotation is due to its triaxial deformation. 
Staggering of the B(M1) transition probabilities relates therefore to the structural 
composition of the laboratory states and can be explained by examining the j„, 
jn, j c quantum numbers in matrix elements (I2, j c \ \M\\Ii, ±,ju,jw,jc}- If 

some of the conditions given in Ref. ^ were not fulfilled then B(M1) staggering 
should vanish. Nonetheless, other properties related to the existence of the \L) and 
\R) states could still be observed. Such a situation takes place in 102, 103,104, 105, i06 Rh 
nuclei where partner bands are exp ected to be built on the configuration consisting 
of different j-shell levels USES EQ as well as in the 135 Nd isotope where partner 
bands are assumed to be built on the three (instead of two) quasiparticle configura- 
tion EH. Lifetimes of the excited states were measured in partner bands of 104 RhE2 
and 135 Nd^^and, indeed, the staggering of B(M1) transition probability observed 
in those bands is very weak (compared to that for Cs isotopes) or absent. More- 
over, in the case of 135 Nd the corresponding transition probabilities in the partner 
bands are almost equal. This points to the strong chiral symmetry breaking limit 
in 135 Nd and reflects different structural composition than in Cs isotopes. These 
examples indicate that B(M1) staggering should be a sensitive measure of triaxial- 
ity in two-quasiparticle single j-shell configurations. The dependence of the B(M1) 
staggering on triaxial deformation has been studied in terms of the CQPC model 
^ where indeed the staggering effect vanishes rapidly when 7-deformation deviates 
from 30°. This fact supports the role of the structural composition in description 
of the electromagnetic properties of the partner bands. 
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6. summary 

It follows from the above considerations that the chiral symmetry breaking in nu- 
clear physics leads to the existence of two rotational bands, almost degenerated 
with similar electromagnetic properties. Staggering of the B(M1) value quoted in 
many papers is an additional property originating from the structural composition 
of a given nucleus. 

This work was supported in part by the Polish Ministry of Science under Con- 
tract No. N N202 169736. 
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